of these extreme metabolic alterations, few studies have managed to elucidate how thermal injury induces hypermetabolism, prolonged inflammation and stress responses, and insulin resistance, and whether these alterations are responsible for the increased morbidity and mortality.
In contrast to our lack of understanding of stress-induced diabetes, the molecular pathology of type II diabetes is better understood. Recently, in addition to the long-established molecular pathways that regulate insulin signaling and downstream effectors, a new modulator of insulin sensitivity was identified. Inflammasomes, protein complexes characterized by their specific Nod-like receptor (NLR) family member (i.e., the portion of the complex responsible for ligand recognition), are now known to be important mediators in the cross talk between inflammation and metabolic regulation (7) (8) (9) (10) (11) (12) (13) by serving as a platform for caspase-1 activation, which leads to subsequent proteolytic maturation of the proinflammatory cytokines interleukin (IL)-1β and IL-18 (14, 15) .
As such, in addition to the major function of inflammasomes in detecting pathogen-associated molecular patterns (PAMPs) (16) and induction of canonical inflammatory responses, the NLRP3 (nucleotide-binding domain, leucine-rich-containing family, pyrin-domain-containing-3) inflammasome was recently indicated in promoting obesity-induced inflammation and insulin resistance via detection of obesity-associated, endogenous damage-associated molecular patterns (DAMPs) (17, 18) . In obese mice, lack of NLRP3 expression prevents inflammasome activation in response to high fat diet-associated DAMPs and enhances insulin signaling in the fat and liver, both important metabolic tissues (19) . Work by Ting and coworkers (20) suggests that the mechanism of inflammasome activation in diabetes involves detection of saturated fatty acids, potentially resulting from lipotoxicity in the adipose tissue of obese mice. Others have suggested that mitochondrial dysfunction and subsequent increases in reactive oxygen species (ROS) may be responsible for priming and activating the inflammasome (21, 22) in metabolic disorders. Regardless of the method of activation, in terms of type II diabetes and insulin resistance, generation and release of IL-1β by the inflammasome interferes with insulin sensitivity via both direct (stimulation of the IL-1 receptor and down-regulation of insulin receptor substrate) (23) and indirect mechanisms (20) . When viewing all of this evidence together, it becomes clear that inflammation and insulin resistance are tightly linked via the NLRP3 inflammasome.
In the current study, we hypothesized that the NLRP3 inflammasome is activated in the white adipose tissue of burned patients, resulting in concomitant elevation of serum IL-1β, and that this may be one mechanism of insulin resistance/metabolic alterations in patients with thermal injuries and stress-induced diabetes. We therefore designed a study to examine the subcutaneous fat of burned and nonburned patients for relevant variables such as leukocyte infiltration, expression of macrophage markers, and elevated inflammasome activity.
MATERIALS AND METHODS

Patients
Patients who were admitted to our burn center with thermal injuries, required surgery, and were eligible for enrollment were consented for blood and tissue collection. These procedures were approved by the Research Ethics Board of Sunnybrook Health Sciences Centre (Study #194-2010). All patients received standard of care according to our clinical protocols, including early excision and grafting, early nutrition, adequate ventilation, and adequate antibiotic coverage. All patients studied suffered hyperglycemia and required insulin treatment during their stay in the burn unit. Insulin dosage was titrated on a sliding scale pursuant to the patient's blood glucose levels and corresponding needs.
For analyses conducted in this study, patients are classified as burned/nonburned, or as acute minor burns (burns that covered a total body surface area [TBSA] of ≤ 30%), acute major burns (TBSA of ≥ 30%), and controls (patients suffering a thermal injury > 3 yr ago, admitted into our burn center for wound management, or for reconstructive surgeries unrelated to burns). Excised fat was removed until the level of healthy tissue. However, the skin containing the upper layer of the adipose tissue that was injured was not included in this examination. This was healthy looking fat in the intermediate zone that should not have been affected by the thermal injury directly. Hence, there is activation in this adipose tissue that is not due to the burn itself because this area was directly affected. Upon excision, all adipose tissue samples were immediately prepared for flow cytometry staining. The amount of patients for each of the measured variables differed due to the laborious flow analysis procedure that takes 2-3 days and requiring a large amount of adipose tissue that was not available in every patient. However, the majority the skin-fed blood and muscle, which varies in quantity, was able to be collected. Furthermore, obese patients (body mass index > 30) or those having a known medical history of diabetes mellitus were excluded, as these patients would be expected to exhibit leukocyte infiltration and inflammasome activation in the adipose tissue, independent of burn injury.
Harvesting of Stromal Vascular Fractions From White Adipose Tissue
Collected specimens were immediately transferred to the laboratory, where they were digested with collagenase (Sigma, St. Louis, MO) at 1 mg/mL in RPMI 1640 in a shaking incubator for 2 hours at 37°C. The digest was then strained through sterile gauze to remove particulates, and the cell fraction was collected by centrifugation. The cell pellets were washed multiple times with Hank's balanced salt solution (HBSS), resuspended in HBSS, and RBCs were removed by density centrifugation with Lympholyte H (Cedarlane, Burlington, ON), following the manufacturer's protocol. The cell suspension was then passed through a 100-μm strainer (BD Biosciences, Mississauga, ON) and cells were counted.
Flow Cytometry Analysis
The percentage of leukocytes, monocytes, and T lymphocytes in the stromal vascular fraction (SVF) was determined by conducting flow cytometric analysis of cell surface markers. The following fluorochrome-conjugated antibodies were used: anti-CD45 (FITC, BD Biosciences, Mississauga, ON), anti-CD14 (PE, eBiosciences, San Diego, CA), anti-CD3 (APC, BD Biosciences). Activity of caspase-1 was determined using the Green FLICA Caspase I Assay Kit (ImmunoChemistry Technologies, Bloomington, MN), following the manufacturer's flow cytometry protocol.
Gene Expression Studies
Total RNA was harvested from fresh or snap-frozen adipose tissue using the RNeasy Mini Kit (Qiagen, Germantown, MD). After the yield and quality of RNA were determined via Nanodrop, reverse transcriptase-polymerase chain reaction was conducted (Invitrogen/Life Technologies, Carlsbad, CA), and the complementary DNA was used in real-time gene expression studies (ABI/Life Technologies, Carlsbad, CA). The sequences of the primers for each target gene are listed below. Expression of 18s ribosomal RNA was used as a "loading" control for each sample. Gene expression levels were determined using the following formula: 2^(-∆Ct).
Primer Sequences
• EMR-1; F-GATGAAGATCGGGTGTTCCACAA, R-CCATGCCCACAAAGGAGACAA • CD11b; F-AGATTGTGTTTTGAGGTTTC, R-TGTGTATGTGTGGTGTGTGT • NLRP3; F-TGAAGAAAGATTACCGTAAG, R-GCGTTTGTTGAGGCTCACACT • IL-1β; F-ATGATGGCTTATTACAGTGG, R-AGAGGTCCAGGTCCTGGAA • 18s; F-GGCCCTGTAATTGGAATGAGTC, R-CCAAGATCCAACTACGAGCTT
Circulating IL-1β Levels
The cytokine profile in the plasma of patients was analyzed using the Luminex Multiplex system with the Milliplex (Millipore, Billerica, MA) human cytokine/chemokine 39-plex (cat. HCYTOMAG-60K-PX39), following the manufacturer's protocol. However, for the purposes of this study, only the levels of IL-1β ( Fig. 1) , tumor necrosis factor (TNF)-α, IL-6, and IL-8 (Supplemental Fig. 1 
RESULTS
Including 64 burns and 12 controls, a total of 76 patients were enrolled in this study. Demographics and outcomes are presented in Table 1 . The average age of our patients was between 40 (control) and 50 (burn) years, average length of stay was 34 days, and average TBSA was 25%. Of the 64 burned patients, 56 survived and were discharged from the burn unit, while eight of the patients expired during their stay. All burned patients demonstrated some degree of insulin resistance, associated with hyperglycemia ( Fig. 2) .
Infiltration of Leukocytes in White Adipose Tissue Postburn Injury
We first investigated whether there are increased numbers of leukocytes, particularly macrophages, in the white adipose tissue of burned patients. Subcutaneous adipose tissue was collected from patients who required surgery to excise thermally injured tissue. Following processing, the SVF was harvested and labeled with anti-CD45, a common leukocyte marker ( Fig. 3B) . To further characterize the CD45+ population, we studied the fraction of CD14+ (monocytes/macrophages) and CD3+ (T lymphocytes) cells in the SVF. Although we saw elevated levels of CD14 and CD3+ cells in the SVF of burned patients, without fail (data not shown), the observed levels of CD14+ cells and T cells in patients, postburn, varied greatly ( Fig. 3C) . Using flow cytometry, we found that the percentage of CD45+ cells within the isolated SVF was elevated more than three-fold in patients suffering from acute thermal injury when compared to reconstructive surgical patients (p = 0.009) ( Fig. 3D) .
Myeloid Markers and NLRP3 Inflammasome-Associated Transcripts Are Increased in Adipose Tissue Postburn
In order to corroborate our flow cytometry findings, we then studied the transcript levels of various myeloid and macrophage markers in adipose tissue postburn. Real-time gene expression studies of myeloid marker CD11b and macrophage marker EMR-1 indicated that there are increased levels of these transcripts in patients with severe acute burns when compared to controls (Fig. 4, C and D) , EMR-1 significantly so (~10-fold, p < 0.01). Furthermore, analysis of genes indicating NLRP3 inflammasome priming, namely, NLRP3 and IL-1β, revealed a significant increase (~four-fold and 15-fold, respectively, p < 0.05 for both) in transcript levels in the adipose tissue of burned patients (Fig. 4, A and B) .
Caspase-1 Is Activated in CD14+ Leukocytes of the SVF Postburn
Next, we sought to determine if the cells of the SVF demonstrated evidence of not only inflammasome priming but also inflammasome activity. Assembly and activation of the NLRP3-inflammasome ultimately leads to caspase-1 activity (the "active" portion of the protein complex). Caspase-1 then processes pro-IL-1β into the mature form. Mature IL-1β can then act upon metabolic tissues, subsequently leading to altered insulin signaling and insulin resistance. To investigate the activity of caspase-1 in the CD14+ cells of the SVF, postburn, we used the flow cytometry-based FLICA assay. Our results showed that patients with a burn size of less than or equal to 30% TBSA exhibited increased caspase-1 activity in the CD14+ fraction relative to controls. The same population of cells derived from patients suffering a burn greater than 30% TBSA demonstrated even greater activity (nearly double) when compared to smaller burns (p < 0.0001) or controls (Fig. 5) .
Circulating Levels of IL-1β Are Increased Postburn
Assuming that increased NLRP3 inflammasome activity should lead to higher serum levels of IL-1β, we next investigated circulating levels of cytokines in patients following acute burn injuries. Indeed, we found that serum IL-1β was increased for minor burns (approximately four-fold, p = 0.004) and in the major burn group (approximately six-fold, p < 0.0001) when compared with controls ( Fig. 1 ). In addition, the increased IL-1β in the major burn group was significantly greater (p = 0.005) relative to minor burns (Fig. 1 ). Furthermore, several other inflammatory cytokines known to be involved in metabolic regulation were elevated in the burned group, as expected and demonstrated in previous publications from our laboratory (Supplemental Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/CCM/A843). Despite the greater proportion of males with burn injuries, there were no significant sex differences between the groups for cytokine expression and inflammasome activity (data not shown).
DISCUSSION
To our knowledge, this is the first report of increased inflammasome activity in the adipose tissue of burned patients.
Burned patients not only endure catastrophic surface wounds but also body-wide deleterious effects resulting from metabolic perturbations such as hyperlipidemia, hyperinsulinemia, and hyperglycemia, collectively referred to as "hypermetabolism" (24) . Specifically, metabolic dysfunction in burned patients is more severe than that seen in any other trauma demographic and has been linked to increased prevalence of several poor outcomes, including infections, sepsis, delayed wound healing, multiple organ failure, and most importantly mortality (25) (26) (27) (28) . Discovering the mechanisms that lead to postburn hypermetabolism is of the utmost importance, as little progress has been made in the effort to improve outcomes over the past several decades, and a dearth of novel therapies remains. Thus, the significance of the present study lies in the translational nature-by analyzing samples derived from burned patients, our results provide direct impetus for targeting burn-induced inflammasome activity, ultimately making the goal of novel therapies more attainable.
Our initial efforts to investigate activity of the NLRP3 inflammasome in the subcutaneous fat of our burned patients stemmed from both 1) our observation that burned patients suffer extreme inflammatory responses (even in the absence of complicating infections) (3, 29) and 2) the attention this protein complex is receiving in the type II diabetes literature (mainly regarding macrophages and their contribution to "sterile" inflammation and adipose tissue dysfunction), as our patients suffer similar symptoms, though stress-induced diabetes is of a more acute nature. We began by establishing that there is a three-fold increase in leukocyte levels in the adipose tissue harvested from our patients (Fig. 3D) , indicating increased infiltration and inflammation, as expected. According to the work published by Koenen et al (30) , in the context of adipose tissue and metabolic syndrome, the majority of these leukocytes should be granulocytes, monocytes/ macrophages, and T cells. Our flow cytometry findings confirm the presence of monocytes and T cells (Fig.  3C) , which we have found to be consistently higher in the burned group (data not shown). However, the levels of monocytes/macrophages and T cells seem to vary greatly with time-and perhaps other factors-and the significance of this finding is currently under investigation.
In most cell types, activity of the NLRP3 inflammasome is controlled by a two-step process: priming followed by activation. Priming involves increased transcription of the components of the complex, such as the receptor, NLRP3, and its target, pro-IL-1β. The second step, activation, occurs when the NLRP3 receptor recognizes one of its many potential ligands and serves as a nucleator for the complex, attracting the adaptor protein apoptosis-associated speck-like protein containing a carboxy-terminal CARD, and ultimately caspase-1. The result is a protein complex capable of cleaving pro-IL-1β into mature, active IL-1β (31) , which can then be secreted and have a myriad of local and systemic effects, namely, impacting insulin sensitivity, both locally and by traveling to other insulin-sensitive tissues, where IL-1 receptor signaling can directly interfere with insulin signaling (20, 23) . It is important to note, as well, that findings so far have not indicated robust expression of NLRP3 in the adipocytes, themselves, indicating that it is most likely the inflammatory and/or stromal cells of the adipose tissue that are initiating and mediating these events (30) .
As such, we went on to corroborate our flow cytometry findings with gene expression studies. Figure 4, A and B shows a significant increase in NLRP3 and IL-1β transcripts, indicating greater priming of the NLRP3 inflammasome in the burned group. EMR-1 levels were also significantly increased in the RNA isolated from adipose tissue of burned patients (Fig. 4D) , indicating an increased presence of macrophages, the most-studied leukocyte with regard to adipose inflammation and metabolic disorders. The CD11b transcript level was not significantly increased ( Fig. 4C ), but we did not find these data particularly discomfiting, as CD11b is not a marker specific to macrophages and monocytes; it can also be found on granulocytes, neutrophils, and activated T cells. Furthermore, the "control" patients also underwent surgical procedures, which we would expect to cause some local inflammatory responses. Therefore, we had no reason to necessarily expect the expression to be significantly higher in the burn group.
However, the key question posed in this study was: is there greater activation of the inflammasome in the adipose tissue of burned patients? If so, is this activity greater with increasing burn size? If inflammasome activity could be contributing to metabolic dysfunction in burn and, hence, poor outcomes, we would expect to see the results obtained in Figure 5 , where activity was significantly increased in the larger burn group compared to the smaller burn group. We were also surprised to find that, though detectable, inflammasome activity in the control samples was half that observed in the small burn group; liposuction and other surgical procedures involve extensive local tissue destruction, which should generate many DAMPs. Importantly, the observation that inflammasome activation was present, but not as great, in the control group gave us greater confidence that our data are not simply the artificial result of the surgical procedure preceding processing of the tissues.
Furthermore, the data presented in Figure 1 illustrate that the observed increase in inflammasome activity results in the expected significant elevation of plasma IL-1β for both acute minor and major burns. As previously mentioned, (adipose-derived) increased circulating levels of IL-1β are now thought to be strongly associated with diabetes and insulin resistance in the context of metabolic syndrome. We believe that the same sort of mechanism could be playing a role in the metabolic perturbations observed in our burned patients. Furthermore, we are currently investigating whether the IL-1β levels are most significantly increased in the fat tissue, itself, as it is very possible that the paracrine inflammatory and metabolic effects of this cytokine are much greater than the endocrine.
Metabolic regulation is an extremely complicated "symphony" of integrated hormonal and nutritional cues, and we are therefore currently investigating several other kinds of metabolic tissue as well. However, our focus on the adipose tissue in the current study stems from the concept of the "primacy of fat." According to Osborn and Olefsky (32) , who elegantly reviewed the current state of knowledge regarding inflammation and metabolic disorders recently, tissue-specific knockout studies have shown that restoring metabolic homeostasis in the fat tissue leads to improved metabolic function in other tissues, namely, the liver and muscle. Conversely, the opposite relationships do not hold true, indicating that adipose is more important in the "hierarchy" of communication and cross-regulation between these metabolic tissues.
Currently, we do not know which DAMPs might be activating the inflammasome in the adipose tissue of our burned patients, but there are several events that could be occurring, either alone or concomitantly, leading to assembly and activation of this complex. For example, uric acid (33) (34) (35) , high concentrations of glucose (36) (37) (38) (39) , mitochondrial dysfunction leading to increased ROS (22, 40) , and increased lipids (17, It is also likely that many of our burned patients experience a "highly primed" inflammasome state (41) , as opportunistic infection (and hence bacterial-derived PAMPs, well-known inflammasome primers) is a common problem in burns. Current and future studies will focus on identifying the PAMPs and DAMPs associated with burn and inflammasome activation in our patients and animal models and whether genetic or pharmacological inhibition of inflammasomes improves postburn outcomes.
We should mention a few cautionary notes with respect to our study. For instance, the authors believe that the abdominal adipose tissue is probably different from peripheral because the amount is also different. By using adipose tissue that is always excised from the burn wound, it is a medium between the skin that is burned and the superficial adipose that appears unhealthy. Again, this is healthy viable adipose tissue. However, it is close to the burn site. Hence, we cannot assume that leukocyte infiltration is uniform within the affected burn tissue and adjacent regions. In addition, there are several types of inflammasomes that lead to caspase-1 activity and generation of IL-1β. Similarly, there are other inflammatory cytokines with established roles in metabolic regulation and insulin resistance (Supplemental Fig. 1 , Supplemental Digital Content 1, http:// links.lww.com/CCM/A843). We cannot, therefore, conclude that the NLRP3 inflammasome is the only complex, or that IL-1β is the only cytokine, responsible for the results observed. Furthermore, we have focused on macrophages and monocytes in this report, but many other publications have shown that other types of leukocytes play a role in chronic adipose inflammation with regard to metabolic dysfunction, and future studies will take this into account and be more inclusive. It would also be interesting to investigate the phenotype of the macrophages we are studying here, as there is much evidence that polarization of macrophages is key, with some subtypes being beneficial and some being detrimental in metabolic regulation (32) . Finally, most of the literature pertaining to fat and inflammation focuses on the deleterious effects of visceral adipose tissue, and we are assessing subcutaneous fat in our studies. There are several reasons for this, mainly the ease of accessibility (this fat tissue is removed during debridement, regardless of our studies) and our belief that subcutaneous fat is perhaps of equal or greater importance in the specific context of burns (42) .
In summary, we have found increased leukocyte infiltration in the subcutaneous fat tissue of burned patients. At least a portion of these infiltrating leukocytes are of the monocyte lineage, a cell type that is well-characterized in the context of metabolic dysfunction. These monocytes demonstrate increased inflammasome activity that is associated with greater levels of circulating IL-1β. Our data are in agreement with many studies already published in the metabolism literature and indicate a potentially significant role for the NLRP3 inflammasome in the hypermetabolic state that contributes so greatly to poor outcomes in our patient population. Future studies will continue to strengthen the relationship between the NLRP3 inflammasome and stress-induced diabetes and delineate mechanistic details with the goal of developing novel therapies and improving outcomes for burned patients. Figure 5 . Inflammasome activity is increased in the CD14+ portion of the stromal vascular fraction (SVF) in white adipose tissue postburn. Percentage of monocytes staining positive for inflammasome activity in the SVF isolated from white adipose tissue of control (n = 2), acute minor burn (n = 5), and acute major burn (n = 4) patients. Results were first gated to exclude CD14-cells, then analyzed for FLICA+ staining in order to ascertain caspase-1 activity (refer to Materials and Methods section). Inflammasome activity was significantly greater in monocytes of the large burn group (***p < 0.001) when compared with the small burn group. Control patients were unburned and donated subcutaneous fat tissue after undergoing liposuction or other surgical procedures for reconstructive purposes. All data are presented as mean values with error bars as sem. TBSA = total body surface area.
